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INTRODUCTION 
Knowledge of the physiology of the genus Clostridium is of 
fundamental importance as this group includes economically and 
medically significant species. In general, however, the metab­
olism and genetics of these anaerobic spore formers are poorly 
defined, with this lack of understanding being best illustrated 
by two pertinent review articles. Halvorson (1962) discussed 
physiology of sporulation in a review that included 224 
investigations, of which only 15 specifically dealt with 
Clostridia. Schaeffer (1969) also reviewed the general area 
of sporulation, with interest in the biofermentative production 
of antibiotics, exoenzymes, and exotoxins, but less than 10 per 
cent of the references cited concerned Clostridia. 
The Clostridia are a difficult group of microorganisms to 
study. This is partly a result of their anaerobic nature, but 
primarily because they are a fastidious group, with poorly 
defined growth requirements. Perkins (1965) said of this group 
"Perhaps the most significant contribution to the study of 
anaerobic spore production in recent years has been the revela­
tion that semi-defined peptone media will support sporulation 
of most species." 
It is obvious that even more significant contributions can 
be made by the use of completely defined, as opposed to un­
defined, media in metabolic and genetic studies. Thus, the 
primary objective of the present investigation was the complete 
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characterization of components of yeast extract which supported 
growth of a thermophilic cellulolytic member of this group, 
Clostridium thermocellum, in defined medium. 
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LITERATURE REVIEW 
An early report of nutritional studies with Clostridium 
was by Burke (1919) , who observed that the best medium for 
isolation of the botulism organism contained 1000 grams of beef 
and 10 grams of peptone per liter. A similar report (McCoy 
et al., 1926) noted that the acetone-butyl-alcohol bacteria 
(Clostridia) could be maintained best on a salts-carbohydrate-
peptone medium. Weyer and Rettger. (1927) isolated this group 
on solid media and found that malt extract-gelatin-agar was the 
most effective isolation medium. McCoy et al. (1930) found 
that the butyric acid bacteria (Clostridia) grew best on media 
which contained such supplements as beef, peptone, brain mash, 
corn meal mash, and oatmeal. While these early studies were 
restricted to complex media, later reports discussed indiTÎd&al 
components of the complex supplements, which were responsible 
for growth stimulation. 
Vitamin Requirements of Clostridia 
Many reports have described "factors" required by various 
Clostridia. Clostridium sporogenes (Knight and Fildes, 1933) 
and Clostridium botulinum (Fildes and Knight, 1933) reportedly 
required a yeast extract gum called the "sporogenes vitamin" 
for growth. Burrows (1933) , however, reported that only amino 
acids were required for growth of C. botulinum. Fildes 
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(1935) proposed that the casein used by Burrows contained 
sufficient "vitamin" to support growth. This sporogenes factor, 
also isolated from horse urine, had a molecular weight of about 
200 (Pappenheimer, 1935) and was found to be distinct from 
plant auxins and pantothenic acid (Koser and Saunders, 1938). 
Biotin was found to be required for growth of Clostridium 
butylicum (Snell and Williams, 1939) and several other 
Clostridia, including C. sporogenes (Peterson et , 1940). 
This indicated that biotin might be a component of the "vitamin? 
However, it was later shown that the apparent need of C. 
sporogenes for biotin could be satisfied with, oxybiotin and 
oleic acid (Shull and Peterson, 1948). Clark and Mitchell 
(1944) reported that the biotin requirement of Clostridium 
thermosaccharolyticum could be partially satisfied with, added 
pimelic acid. Research leading to this finding resulted from 
the suggestion that pimelic acid was a precursor for biotin 
(Duvigneaud et al., 1942). The "sporogenes vitamin" has 
stimulated little further research since 1948. 
McDaniel et al. (1939) found growth factors for C. 
butylicum and Clostridium acetobutylicum in liver, malt sprout, 
yellow corn, wheat, and commercial vitamins, which, could not be 
replaced by riboflavin, indole acetic acid, or the "sporogenes 
vitamin". Thiamine, tryptophane, cystine, asparagine, 
nicotinic acid, pantothenic acid, g-alanine, and uracil also 
could not be substituted for the yeast factor (Brown" et al., 
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1939). Woolley et al. (1939) demonstrated that an oxidation-
sensitive concentrate from cereals would replace the yeast 
component for C. butylicum and C. acetobutylicum. Isolation 
and naming of this factor as "folic acid" resulted from work 
with Lactobacillus casei (Snell and Peterson, 1940, Stokstad, 
1941, Mitchell et , 1941) . 
Mueller and Miller (1941, 1942a, 1942b) found that 
Clostridium tetani required folic acid, tryptophane, adenine, 
pantothenic acid, thiamine, riboflavin, and biotin for growth. 
Feeney et al. (1943a, 1943b) established the decreasing order 
of exhaustion of required materials during growth of Ç. tetani 
as iron, tryptophane, biotin, oleic acid, folic acid, histidine, 
and glutamic acid; in addition to which, uracil, pyridoxine, 
and nicotinic acid were also required. 
Asparagine, and an "activator" present in yeast, were 
shown to be required for growth of C. acetobutylicum (Weizmann 
and Rosenfeld, 1939). The work of Knight (1937), with 
Staphylococcus aureus, prompted the unsuccessful examination of 
combinations of aneurin (thiamine), nicotinic acid, g-alanine, 
and uracil as possible replacements for the "activator". 
Oxford et al. (1940) confirmed the work of Weizmann and 
Rosenfeld, and named the "activator" the "BY factor", which 
was later found to be para-aminobenzotc-acid (PABAl CRubbo and 
Gillespie, 1940). Research leading to this result was sug­
gested by the proposal (Pildes, 1940) that PABA was an 
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essential metabolite for some bacteria. Continued work with 
C. acetobutylicum (Rubbo et al., 1941) confirmed the PABA 
growth requirement of C. acetobutylicum, and also revealed a 
need for biotin by this organism. Rubbo and Gillespie (1942) 
reviewed this nutritional problem and reported an absolute need 
for only PABA by this organism. 
The growth requirements of 20 strains of Clostridia for 
PABA and biotin were studied by Dampen and Peterson (1941, 
1943). All 20 strains required biotin, and in addition it was 
shown that 7 strains of C. acetobutylicum, Ci butylicum, and 
Clostridium felsineum required PABA. The large number of 
strains of butyl-alcohol-acetone bacteria (Clostridia) which 
required biotin and PABA for growth was confirmed by Reyes-
Teodoro and Mickelson (1944). 
It was demonstrated (Lamanna and Lewis, 1946, Mager and 
Kindler, 1954) that C. botulinum required biotin, thiamine, 
choline, pyridoxine and folic acid for growth. Kindler and 
Mager (1956) also studied the para-botulism group and found a 
need for CO2 for growth initiation. This cultural requirement 
could be satisfied by adding yeast extract, but this finding 
was not fully investigated. 
For initiation of growth, Clostridium bifermentans required 
biotin, nicotinic acid, pantothenate, pyridoxal (Smith and 
Douglas, 1950), and adenine (Puchs and Bonde, 1957). 
Clostridium pasteuri'anum, apparently the one Clostridium 
amenable to growth in defined media, required supplementation 
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with only faiotin and PABA (Carnahan and Castle, 1958). 
A few enzyme-level studies were conducted by workers 
studying dependencies of Clostridia on nutrilites. For example, 
it was shown that Clostridium welchii (Meister et , 1951) 
and Clostridium stricklandii (Stadtman, 1956) required pyridoxal 
phosphate for reduction of amino acids. 
Studies of vitamin requirements revealed some interesting 
points about the Clostridia. It appeared they have a general 
requirement for certain vitamins. Perkins (1965) summarized 
previous investigations and noted that all Clostridia, except 
some type E strains of C. botulinum, required biotin, and that 
all, except Clostridium perfringens, required PABA. In 
addition, it was noted that various combinations of thiamine, 
pyridoxine, pantothenate, nicotinic acid, folic acid, and ribo­
flavin were required for growth by many Clostridia. 
Amino Acid, Peptide, and Protein Requirements 
Burrows (1933) found that cystine, leucine, and proline 
were required for growth by the strains of C. botulinum he 
studied. In comparison, C. sporogenes required tryptophane, 
leucine, phenylalanine, tyrosine, and arginine (Fildes and 
Richardson, 1935). A "potato factor", shown to be asparagine, 
stimulated growth of butyl alcohol organisms and could be 
replaced by aspartic and glutamic acids (Tatum et , 1935). 
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A yeast extract component essential for growth of butyl 
alcohol organisms was isolated by Brown et (1938). Al­
though it was apparently proteinaceous, it couldn't be replaced 
by amino acids. A similar growth factor was found for C. 
botulinum and Clostridium parabotulinum (Elberg and Meyer, 
1939), and for C. welchii (Reed et al., 1939). In this latter 
group of studies it was found that the yeast extract could be 
replaced by gelatin and peptone. 
Gladstone and Fildes (1940) found that C. tetani, C. 
welchii, C. botulinum, and C. sporogenes grew well on meat-free 
media which contained casein and yeast extract. Similarly, 
Tamura et al. (1941) developed a peptone-free medium for C. 
welchii in which liver extract or pantothenic and pimelic acids 
would support growth. Bernheimer (1944) described a protein-
and peptone-free medium for Clostridium septicum and reported 
that a complete mixture of casamino acids, glutamine, and 
vitamins supported good growth of this organism. 
Media suitable for large scale growth of C. botulinum 
required inclusion of casein hydrolysate, tryptophane, cystine, 
and liver concentrate (Mueller and Miller, 1943). Lewis and 
Hill (1947) reported that yeast extract in media would not 
support growth of C. botulinum without supplementation with 
additional proteins. Continued work with this organism (Lerner 
and Mueller, 1949, Mueller and Miller, 1949, 1953}, revealed 
that peptides of histidine, glutamine, and aspartic acid were 
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required for growth.. In addition. Miller (1955) noted that 
histidine peptides such as glycyl-histidine and aminobutytyl-
histidine were adequate for growth support of this organism. 
Later, Richards and Cabelli (1969) isolated two heat-stable 
peptides which replaced the trypticase requirement for this 
organism. 
It has been shown that C. perfringens required lysine, 
glycine, and serine (Fuchs and Bonde, 1957) for growth. Busta 
et al. (1970) isolated soy bean proteins which supported growth 
of this organism. Related studies (Marshal et al., 1965, 
Duncan and Strong, 1968, Labbe and Duncan, 1970) showed that 
spore production and colony formation sufficient for enumeration 
of C. perfringens were best with yeast extract, peptone and 
casein in the media. 
As with vitamins, the early work with Clostridia appeared 
to show that they had general requirements for proteins, amino 
acids, or peptides, but the reason for this was not known. 
Strickland (1934) suggested the use of amino acids as energy 
sources for Clostridia when he proposed that C. spor'ogenes 
caused direct exchange of hydrogen atoms between amino acids. 
Clifton (1940) concluded that C. botulinum types A and B 
employed the "Strickland reaction" for energy production. In 
a study with C. tetani (Clifton, 1942), however, it was 
concluded that this organism didn't employ this reaction for 
energy production. 
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other possibilities existed to account for the need of 
Clostridia for amino acids. An obvious explanation was a 
general susceptibility of these microorganisms to lesions in 
the biosynthetic pathways for amino acids. 
However, still another explanation for their peptide 
requirements was available, based on peptide requirements that 
have been studied with other genera. Sprince and Woolley (1944) 
compared earlier work with peptide requirements for Lacto­
bacillus casei and Streptococcus lactis with their own findings 
of nutritional requirements of hemolytic streptococci. The 
authors named their essential peptide "strepogenin" and the 
term has since become synonomous with peptide growth factors in 
general. Since then, various peptide factors has been found 
for L. casei (Kihara and Snell, 1952, Kihara et al., 1952a, 
1952b, Leach and Snell, 1960), Lactobacillus delbrueckii 
(Peters et , 1953, Prescott et , 1953), Lactobacillus 
bulgaricus (Jones and Woolley, 1962), £. faecalis (Kihara et al., 
1952a, 1952b), Bacillus subtilis (Demain and Hendlin, 1958), 
group A streptococci (Fox, 1961), Pediococcus cërëvisiae 
(Florsheim et , 1962) , Escherichia coli (Gilvarg and 
Katchalski, 1965), and Bacteroides ruminicola (Pittmari et- al., 
1967). 
Sufficient work has been done to permit speculation con-. 
ceming the bases for these demonstrated peptide requirements. 
It was proposed (Kihara and Snell, 1960a, 1960b, Pittmari et al., 
1967) that the requirements for "strepogenins" was merely a 
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reflection of a need to obtain amino acids in a form which 
could be absorbed. It was proposed that the transport of a 
given free amino acid into the cell could be inhibited by the 
presence of another amino acid in the medium. Peptides, being 
transported by a different route than free individual amino 
acids, wouldn't be susceptible to this inhibitory effect, and, 
providing the required amino acid was present in the peptide, 
would provide circumvention of any form of inhibition of trans­
port. Brock and Wooley (1964) attributed a general benefit to 
the cell as a result of uptake of peptides. Once inside the 
cell, the peptides were assumed to be cleaved and the individual 
amino acids then could be exchanged for various amino acids out­
side the cell. Such a system would be able to provide a general 
transport mechanism for amino acids. It was tempting to apply 
these same theories as an explanation for the extensive re­
quirements of the Clostridia for amino acids, peptides, and 
proteins. 
The best indication of the lack of progress regarding 
synthetic media for Clostridia was found with, studies of the 
botulism organism. Mueller and Miller C1954) reported the 3 
best media available for C. botulinum at that time. All 3 
media contained casein, beef heart infusion, tyrosine and 
cysteine, and 2 of the 3 also included pantothenate, nicotinic 
acid, thiamine, riboflavin, pyridoxine and biotin. Zacharias 
and Bjorklund C1968) also studied large scale production of 
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botulism toxin and reported that the best media were still 
those developed by Mueller and Miller. It should be noted that 
Perkins and Tsuji (1962) reported a synthetic medium that sup­
ported growth, sporulation, and toxin production by this 
organism. It is worth noting that the cells were grown in a 
medium which contained 5 per cent peptone, and were transferred 
only twice in the defined medium before the spores were 
harvested. 
These studies have provided a number of possible biological 
assay organisms. Boyd et (1948) suggested, for example, 
that the BP6K strain of C. perfringens would make an excellent 
assay organism, as it required 13 amino acids and 4 vitamins. 
Characteristics of Clostridium thermocellum 
Viljoen al. (1926) discussed bacterial digestion of 
cellulose and gave McFayden and Blaxall credit for observing 
thermophilic digestion of cellulose, in 1899. Viljoen and his 
coworkers isolated anaerobic organisms which digested cellulose 
with the accumulation of a yellow pigment. Cowles (1930) 
reviewed the study of anaerobic cellulose digestors and iso­
lated, from feces and soil, anaerobic decomposers that were 
thin rods with swollen terminal sporangia. These isolates 
reportedly wouldn't grow without the association of other micro­
organisms. 
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Murray (1944) noted the work of earlier investigators and 
concluded that the organisms responsible for the observed 
cellulolytic activity were actually aerobes. 
Quinn (1947a, 1947b) isolated an anaerobic cellulolytic 
thermophilic organism from a mixed culture. Work, with the 
mixed culture, reconstituted from the two pure cultures, strains 
"C" and "E", was continued with the reconstituted culture called 
C. thermocellum "CE". Studies with strains "C", "E", and "CE" 
included induction of heat resistance in mesophiles by filtrates 
of the thermophilic culture (Gates et al., 1961) , and observa­
tions on symbiotic relationships between what were thought to 
be thermophilic and mesophilic symbionts (Gates ^  al., 1963, 
Gates, 1964). 
It was proposed (McBee, 1954) that all thin gram negative 
rods which were thermophilic, cellulolytic, anaerobic and 
formed swollen terminal sporangia be called C_.' thermocellum. 
Vidrine (1969) isolated the symbionts from C. thermocellum 
CE and identified them as C. thermocellum, a cellulolytic 
thermophilic anaerobe, and Bacillus pumilus, a non-cellulolytic 
thermophilic facultative anaerobe. It was a pure culture of 
this isolate of C. thermocellum (Vidrine, 1969) with, which, the 
present investigation was conducted. 
Previous nutritional studies with C. thërmocëHum presented 
some problems in interpretation of results as part of the work 
was done with the mixed culture, C. thermocellum CE. These 
earlier results will be discussed briefly, however. 
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Quinn (1947a) noted that Murray had begun a study of a 
growth factor for C. thermocellum. The "Murray factor" 
couldn't be replaced by biotin, nicotinic acid, PABA, panto­
thenic acid, riboflavin, amino acids, pimelic acid, thiamine, 
pyridoxine, betaine, inositol, g-alanine, glucosamine, gluta-
mine, glutathione, creatine, choline, arginine, folic acid, 
ergosterol, carotene, ribose, purines, pyrimidines, or water-
soluble fatty acids. Continued work (Quinn, 1949) showed that 
growth, of this culture required material present in a crude 
polypeptide mixture. This material was soluble in water, 70 
.per cent ethanol, and methanol, and was slightly soluble in 95 
per cent ethanol, but was insoluble in acetone, chloroform, 
pyridine, and ether. Treatment with one normal acid or base 
had no effect on its activity. Quinn et al. (1963) considered 
similarities between the "Murray factor" and kinetins charac­
terized by Miller et al. (1956) and found that one microgram of 
kinetin per liter would support growth of this organism for 2 
or 3 subcultures. Beers and Quinn (1966a, 1966b) isolated 2 
nutritionally active components from yeast extract which were 
described as an oligopeptide, and a polyhydroxyamino alcohol. 
It also appeared that a purine was present in their active 
preparations from yeast, and it was proposed that the components 
were parts of one complex molecule. This proposal of a ring 
structure being associated with a peptide in a macro-molecule 
wasn't without precedent. Wright (1955a, 1955b, 1955c) found 
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that a strain of Clostridium cylindrosoorum required a poly-
glutamyl pteridine derivative for enzymatic conversion of 
serine to glycine. Millin and Saltmarsh-Andrew (1965) reported 
that there were low molecular weight peptides in yeast extract 
which were complexed to nucleotides. Gerwin et (1969) 
showed that a biotin-containing enzyme from Propionibacterium 
shermanli spontaneously dissociated to release a peptide frag­
ment that contained biotin. The literature also provided many 
examples of flavin-containing enzymes which could release 
flavinyl-peptides (Mahler et , 1952, Harbury and Foley, 
1958, Strittmatter, 1961, Drysdale et al., 1961). It should be 
repeated that these early "Murray factor" studies were done 
with a mixed culture, which prevented definitive assignment of 
nutritional requirements to a single organism. 
Extensive work also has been done with pure cultures of 
C. thermoce1lum and of other cellulose digesters. Eungate 
C1944) isolated a mesophilic anaerobic cellulose digestor and 
demonstrated growth of this organism on a medium which contained 
biotin and a carbohydrate as the only organic components. 
McBee (1948) isolated 2 thermophilic anaerobic cellulose di­
gesters and found that they grew well on cellulosic media sup­
plemented with yeast extract. In a later report, McBee (1950) 
described several strains of C. thermocellum and reported that 
he had observed growth of these cultures in a salts medium 
containing cellulose and 0.05 per cent yeast extract. This 
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yeast extract content could reportedly be replaced by thiamine, 
riboflavin, pyridoxine, biotin, and calcium pantothenate. 
Reports of physiological studies with this organism are 
limited. A series of reports (Sih and McBee, 1955, Nelson and 
McBee, 1957, Alexander, 1961, 1968a, 1968b, Shethand Alexander, 
1969) indicated that C. thermocellum could ferment cellulose 
and cellobiose, but not glucose. These studies utilized media 
supplemented with 0.1 per cent yeast extract. It was found 
(Vidrine, 1969, Vidrine and Quinn, 1969) that an increased 
level of yeast extract (0.45 per cent) resulted in fermentation 
of hexoses, including glucose, by this organism. 
It was apparent that the physiology of this organism, and 
that of the Clostridia in general, was poorly understood. It 
was just as apparent that the reason for this poor understanding 
was à failure to determine the coup lex nutritional requirements 
of this fastidious group. 
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MATERIALS AND METHODS 
Organism 
The organism used for this investigation was the strain of 
C. thermocellum which was isolated from the mixed culture, 
C. thermocellum CE, by Vidrine (1969). The culture was orig­
inally obtained from Dr. P. A. Tetrault, Purdue University. 
The organism was anaerobic, thermophilic, gram negative, cel-
lulolytic, and formed swollen terminal sporangia. 
Growth Media 
• C. thermocellum was routinely cultivated in a medium, D58, 
formulated and modified by Quinn C1949, 1955). The composition 
of D58 medium is indicated in Table 1. 
Glass distilled water was used to make the medium to 
volume and the pH was adjusted to 7.10 with 1 N HCl or 1 N NaOH 
before autoclaving. An 8 ml volume of medium was dispensed in 
16 X 125 mm screw-capped culture tubes and the medium was auto-
claved for 15 min at 121 C. The medium was inoculated (1 per 
cent by volume) and the culture tubes were placed in Brewer 
anaerobic jars (Marsh Instrument Company, Skokie, Illinois). 
These anaerobic jars were evacuated and refilled twice with a 
mixture of 95 per cent nitrogen and 5 per cent carbon dioxide, 
then were placed in a 55-60 C incubator. In D58 medium," the 
normal growth response was the appearance of gas bubbles after 
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Table 1. Composition of D58 medium 
Component Amount (grams per liter) 
MgCl2-6H20 
KE2PO4 
K^HPO^'SHaO 
CaClg•ZHgO 
Sodium-^-glycerophosphate 
FeSO^'VHgO 
Glutathione 
Cellulose^ 
Yeast Extract 
1.3 
2 . 6  
1.43 
7.2 
0.13 
6.0 
0.0011 
0.250 
13.0 
4.5 
Avicel, American Viscose Corporation, Marcus Hook, 
Pennsylvania. 
^Bacto Yeast Extract, Difco Laboratories, Detroit, 
Michigan. 
24-36 hr incubation with, subsequent accumulation of yellow 
pigment on the cellulose layer at the bottom of the culture 
tubes. 
D58 medium to which 2 per cent agar had been added was 
used to cultivate the organism in petri dishes. After being 
sterilized and cooled to 45 C, the medium was inoculated and 
pour plates prepared. The plate cultures were incubated under 
the same gas mixture employed for liquid cultures. Anaerobic 
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conditions were improved by the addition of 9 mg of dithio-
threitol (DTT, Calbiochem, Los Angeles, California) and 9 mg 
of cysteine HCl per 100 ml of medium, as suggested by the work 
of Moore (1968). Under these conditions the organism formed 
small, yellow, lenticular, subsurface colonies. 
Assay Procedure 
Fractions of yeast extract were assayed for ability to 
produce stimulation of growth by replacing the yeast extract of 
the D58 medium with the yeast extract fraction being studied. 
Cultural controls were D58 medium, with and without yeast 
extract. The inocula for assay procedures were grown in com­
plete D58 medium and the inocula were seeded into different 
assay media on a controlled volume basis. The inoculum volume 
transferred varied from 1 per cent to 10 per cent of the volume 
of the assay medium. After the ability of the organism to grow 
in the presence of a particular yeast extract fraction was 
established, the organism was maintained in a medium that con­
tained this stimulatory fraction. As will be discussed in 
conjunction with growth studies in defined media, inocula were 
also prepared by washing the cells 2 or 3 times in D58 medium 
that lacked yeast extract. 
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Fractionation of Yeast Extract 
To insure homogeneity of the yeast extract source through­
out this investigation, a 6 pound quantity from a single lot 
of yeast extract, control number 515918, was obtained from 
Difco Laboratories, Detroit, Michigan. As indicated below, 
several different approaches were used to separate growth-
i 
stimulating materials found in this yeast extract. 
Fractionation with Sephadex gels 
Isolation of stimulatory material was accomplished 
primarily with Sephadex gels obtained from Pharmacia Fine 
Chemicals, Incorporated, Piscataway, New Jersey. Basically, 
the procedure involved successive elution of material from 
chromatographic columns which contained G-25 (coarse), G-15, 
and G-10 Sephadex gels. All gels were hydrated at room temper­
ature (20-25 C) in distilled water for 4-5 hr. Following 
hydration, the columns were filled, and at least 5 void volumes 
of eluant were passed through the gel to insure adequate 
packing. Void volumes of the columns were determined by elution 
of a sample of Blue Dextran 2000 (molecular weight 2 X 10^, 
Pharmacia Fine Chemicals, Incorporated). All fractionation 
procedures were at room temperature with distilled water as the 
eluant. Early chromatographic attempts included the use of 
0.1 M phosphate buffer (pH 7.0) as an eluant. Similar results 
were obtained as with water so subsequent work utilized dis­
tilled water (pH 5.8-6.5) as the only eluant. 
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Ten g of yeast extract were dissolved in a 30 ml volume of 
distilled water, which was then placed on a G-25 column (5 X 
50 cm, void volume 295-300 ml) and yeast extract fractions were 
eluted at a flow rate maintained between 3.0 and 3.5 ml per 
min. Other flow rates were utilized without different results 
being observed. After the first 250 ml of eluant were dis­
carded, 50 ml fractions were collected in 600 ml beakers. The 
fractions were autoclaved 15 min at 121 C, dried at 60 C, and 
resuspended in 10 ml of distilled water. In early trials, as 
many as 20 sequential fractions were collected and processed. 
After the location of fractions of stimulatory material was 
determined, samples were collected only in the regions of 
interest. 
Growth stimulating materials from G—25 columns were 
fractionated on a G-15 column (2.5 X 32 cm) thiat had a void 
volume of 53-54 ml. A 2.5 ml sample was placed on the G-15 
column and was eluted at a flow rate of 0.5 ml per min until 30 
ml of eluant were collected. The flow rate was then adjusted 
to 1.0 ml per min and was maintained there throughout the 
fractionation process. The first 50 ml of eluant were dis­
carded and 5 ml fractions were collected thereafter until as 
many as 37 fractions had been accumulated. These fractions 
were assayed for activity in stimulation of growth of C_. 
thermocellum and active fractions were dried at 60 C for 
preservation and concentration. 
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Stimulatory material from G~15 columns was further frac­
tionated with, a G-10 Sephadex column (2.5 X 38 cm) that had a 
void volume of about 60 ml. A 2.2 ml sample of an active frac­
tion was placed on the column and 30 ml of eluant were collected 
at a flow rate of 0.5 ml per min. The flow rate was then 
maintained at 1.0 ml per min throughout the remainder of the 
fractionation. After the first 50 ml of eluant were discarded, 
5 ml fractions were collected and assayed for activity. 
The size of fractions in subsequent separations was ad­
justed to as little as 0.5 ml to isolate bands of specific 
materials. 
Diaflo ultrafiltration 
Diaflo ultrafiltration membranes were obtained from 
Amicon Corporation, Lexington, Maryland. The membranes used 
were UM-05 membranes with a molecular weight diffusion limit of 
500, and DM-2 membranes with a diffusion limit of 1000 molecular 
weight. A model 401 Diaflo chamber, also obtained from Amicon 
Corporation, was employed for the studies-. Active materials 
from G-25 columns were dissolved in 250 ml of distilled water 
and placed in the Diaflo chamber equipped with a DM-2 membrane. 
Filtration proceeded under 50 pounds per square inch Cpsi] of 
pressure of nitrogen gas. until 200 ml of fluid had passed , 
through Jie filter. The fluid that remained in the chamber was 
restored to its original volume, by the addition of distilled 
water and filtration was resumed until an additional 200. ml of 
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fluid had been filtered. Material still in the chamber was 
removed and frozen and the chamber was thoroughly cleaned. 
The 400 ml volume of fluid filtered through the DM-2 membrane 
was concentrated to a 225 ml volume by drying at 60 C under 
atmospheric conditions. After this concentration step, the 
filtrate was again placed in the Diaflo chamber, now equipped 
with a UM-05 membrane. Filtration proceeded, under 50 psi of 
nitrogen, until 180 ml of eluant had been collected. The 
liquid still in the chamber was restored to its original volume 
by the addition of distilled water, and filtration was resumed 
until an additional 165 ml of fluid had been collected. 
This ultrafiltration procedure separated the starting 
material into 3 fractions which contained substances with, 
molecular weights greater than 1000 molecular weight, between 
500 and 1000 molecular weight, and less than 500 molecular 
weight. The method does not insure complete separation on the 
basis of molecular weight, so the material in a given sample 
was theoretically only predominantly in the quoted molecular 
weight range. The 3 filtrate fractions were taken to dryness 
at 60 C, then were dissolved in distilled water to give prepara­
tions with 50 mg of material per ml. All samples were assayed 
for activity in stimulation of growth and for spectrophotometric 
absorption characteristics. All Diaflo filtrations were con­
ducted at 4 C. 
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Characterization of Yeast Extract Fractions 
Ultraviolet spectra 
Fractions, particularly those from the G-15 and G-10 
Sephadex colimns, were analyzed for ultraviolet absorption 
characteristics with a Beckman model DB spectrophotometer. A 
300 |ig sample was dissolved in 3.0 ml of distilled water, and 
an ultraviolet scan from 320 to 200 nm was recorded. The pH 
of the samples was adjusted from 3.0 to 11.0 to determine the 
effect of pH on the optical absorption characteristics. 
Thin layer chromatography 
Thin layer chromato grams were prepared using the DeSaga 
Brinkman apparatus as outlined by Randerath (1963, pp. 21-53). 
Silica Gel G, obtained from Kensington Scientific Corporation, 
Oakland, California, was suspended in distilled water C35 g 
per 70 ml) and layered 300 ix thick on 20 X 20 cm glass plates. 
Plates were air-dried overnight before use. Prior to use, the 
plates were placed in a 100-110 C oven for 10 min for activa­
tion, then were cooled for at least 15 min before use. 
Amino acids were characterized with a two-dimensional thin 
layer chromatographic system. Solvent 1 consisted of 95 per 
cent ethanolzwater (63:37 v/v) and solvent 2. was propanol:30 
per cent NH^OH [63:30 v/v). The solvents used were those sug­
gested by Randerath (1963, p. 95). For chromatography, a 
0.00.5 ml sample was spotted in one corner of a plate (2 cm from 
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either edge) and, the front of solvent 1 was allowed to progress 
at least 15 cm past the origin in an ascending manner. The 
chromatographic plate was then air-dried, rotated 90 degrees, 
and placed in solvent 2. The front of solvent 2 was allowed 
to progress at least 15 cm in an ascending manner, then the 
plate was removed from the system and was again air-dried. 
When dry, the plate was sprayed with a 0.5 per cent solution of 
ninhydrin in 95 per cent ethanol and was developed by heating 
at 100-110 C for at least 10 min. 
Thin layer chromatograms were also processed with a 
solvent of ethylacetate:isopropanolzwater (65:23:12 v/v/v) as 
suggested by Randerath (1963, p. 201). After being air-dried, 
these plates were scanned with an ultraviolet lamp to check 
for the presence of ultraviolet fluorescent and ultraviolet 
absorbent areas, then the plates were sprayed with, the ethanolic 
ninhyd.rin reagent. 
Paper chromatography 
Paper chromatograms were prepared with Whatman no. 3 paper 
.and were processed with a 0.1 M phosphate buffer CpH 7.2) . A 
0.05 ml aliquot of the material to be chromatographed was 
spotted 2.5 cm from the edge of the paper and the solvent front 
was allowed to progress at least 20 cm past the point of origin 
in an ascending mode. Chromatograms were scanned with an 
ultraviolet lamp and the locations of fluorescent and absorbent 
spots were marked. Such chromatograms were used in a number of 
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different assay procedures for various compounds. 
Some of the chromatograms were sprayed with ethanolic 
ninhydrin to determine the presence and location of ninhydrin-
positive materials. 
Chromatograms were also employed in a series of bioauto-
graphic systems. A bioautographic assay for riboflavin and 
its derivatives was conducted using Riboflavin Assay Medium 
obtained from Difco Laboratories. The assay organism, 
Lactobacillus casei strain e (ATCC no. 7469) was generously 
provided by Dr. F. D. Williams of this department. The assay 
organism was grown in Micro Inoculum Broth CDifco Laboratories), 
washed 3 times in distilled water and then added to 300 ml of 
the assay medium to which had been added 2 per cent agar. 
Sufficient cells were added to impart a barely discernible 
turbidity to the assay medium. This preparation was poured 
into a 39 X 23 cm pyrex tray and was allowed to solidify. 
After the medium had solidified, the chromatogram was placed on 
the agar layer and was covered with 300 ml of 2 per cent agar-
water to which 10 ml of a 2 per cent solution of triphenyl-
tetrazolium chloride CTTC, California Corporation for Bio­
chemical Research, Los Angeles, California) had been added. 
The assay plate was incubated at 37 C and was observed 
periodically for the appearance of red areas which, indicated 
growth of the assay organism. A positive response could be 
observed as soon as from 4 to 18 hr after the plate was 
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inoculated. Riboflavin controls were chromatographed to insure 
inclusion of a positive response for comparison. 
A similar bioautographic system was used to detect folic 
acid and its derivatives. Folic Acid Assay Medium (Difco 
Laboratories) was inoculated with the indicator organism. 
Streptococcus faecalis strain R (ATCC no. 8043). The system 
was identical with that for the assay of riboflavin except for 
the nature of the assay organism and the assay medium used. 
This assay organism was also provided by Dr. P. D. Williams of 
this department. In addition to responding to folic acid 
derivatives, this test organism will respond to thymine and 
pterioc acid derivatives, both of which are present at nearly 
identical Rf values in the chromatographic system that was 
employed here. Elimination of adenine and guanine from the 
Folic Acid Assay Medium prevents the response of this test 
organism to thymine. Accordingly, the assay medium was pre­
pared with neither adenine nor guanine included and the assay 
procedure was repeated. This procedure permitted discrimination 
between responses to thymine and pteroic acid derivatives. 
Gas chromatography 
Of particular interest because of its growth—stimulating 
activity was a bright yellow band which was collected from the 
2.5 X 38 cm G-10 column in the cut between 113 and 115 ml of 
eluant. A 2 mg sample of this material was placed in 4 ml of 
4 N HCl and was hydrolyzed at 100 C for 2 hr. After hydrolysis-
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was completed, the sample was evaporated to dryness at 60 C. 
A similar sample which had not undergone hydrolysis was pre­
pared in the same manner. These samples were treated for gas 
chromatography using the methods of Gehrke and Ruyle (1968). 
Trimethylsilyl derivatives of the nucleotides present were 
produced using acetonitrile (Anaiabs, North Haven, Connecticut). 
The samples were chromatographed on a 1 meter column of SE 30 
on Chromosorb W (Applied Science Laboratories, Incorporated, 
State College, Pennsylvania). Chromatography was performed 
with a standard temperature program utilizing a Beckman GC-4 
gas chromatograph. Detection was by hydrogen flame with, known 
nucleotide preparations analyzed as controls. These analyses 
were conducted by Mr. Robert Schwarzhoff of this department. 
Biuret determination of protein 
Total protein was determined by the biuret meth.od of 
Gornall ^  al. (1949). A standard curve was prepared t&at 
utilized fraction V of bovine serum albumin (Sigma Chemical 
Company, Saint Louis, Missouri) and the protein content of dif­
ferent yeast extract fractions was estimated by coii^arison with, 
the standard curve. Both hydrolyzed and unhydrolyzed prepara­
tions of growth stimulating material were analyzed. Acid 
hydrolysis was conducted in 6 N HCl for 22 hr at 100-110 C. 
Lowry determination of protein content 
In addition to biuret determinations, th.e metHod developed 
by Lowry et al. (1*951) also was employed to determine th.e 
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protein content of different fractions of yeast extract. This 
analysis was more specific than the biuret method as it pro­
vided an estimate of the total amount of protein present in 
terms of tryptophane and tyrosine content. Again, a standard 
curve was prepared using fraction V of bovine serum albiimin. 
Amino acid analysis 
Material to be analyzed for amino acid content was dis­
solved in 8 ml of 6 N HCl. The sample was split into 2 
aliquots of 4 ml each; one aliquot was sealed in a thick-
walled glass tube and the other was refrigerated. The aliquot 
in the thick-walled tube (Carrius tube) was held at 100-110 C 
for 22 hr. Following this hydrolysis, the contents of this 
tube and the unhydrolyzed (refrigerated! sample were individual­
ly evaporated to dryness at 60 C. Each sample was then dis­
solved in 3 ml of pH 2.10 citrate buffer (3.84 g citric acid 
and 5.88 mg of sodium acetate per 100 ml). Each sample was 
diluted 1:10, 1:100, 1:1,000, and 1:10,000 in citrate buffer 
and the 1:100 and 1:10,000 dilutions were analyzed for amino 
acid content with a Technicon Autoanalyzer that employed an 
Autograd buffer system of increasing pH and sodium ion content. 
The methods used were those of Moore and Stein (1954) and 
Hamilton (1962). This analysis was conducted by Dr. R. C. 
Ewan, Department of Animal Science, Iowa State University. 
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Enzyme analyses 
As the possibility existed that active yeast contained a 
peptide or a protein that was involved in growth stimulation, 
attempts were made to affect the activity of different yeast 
preparations using proteolytic enzymes; namely pepsin, lysozyme, 
protease, prolase, pronase, carboxypeptidase, chymotrypsin, 
papain, and leucine amino peptidase. Initial studies were 
conducted by mixing 1 mg of the individual enzymes with 30 mg 
of biologically active material from the 500 to 1000 molecular 
weight fraction obtained in Diaflo studies. These mixtures 
were dissolved in 1.5 ml of distilled water and the pH was 
adjusted to 7.0. As controls, samples that contained just the 
enzymes, or just the active material, were also prepared. All 
of the above preparations were incubated for 1 hr st 37 C, and 
then were autoclaved for 15 min at 121 C to inactivate the 
enzymes. Aliquots of all these preparations were assayed for 
residual biological activity. 
Additional studies were conducted with particular enzymes 
under conditions more nearly optimal for their activity. The 
effect of pronase (Calbiochem, Los Angeles, California) on the 
activity of yeast extract preparations was assayed by mixing 
15 mg of pronase with 30 mg of active material. After the pH 
was adjusted to 5.0, the sample was incubated at 80 C for 10 
min, followed by an additional 45 min at 37 C. 
Studies with pepsin (New York Quinine and Chemical Works, 
Incorporated, New York, New York), trypsin (Difco Laboratories, 
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Detroit/' Michigan) , and chymotrypsin (Mann Research Labora­
tories, Incorporated, New York, New York) were also repeated 
under appropriate conditions. Samples of 1 ml which contained 
16 mg of active yeast material and either 10 mg of pepsin, 10 
mg of trypsin, or 2 mg of chymo trypsin were prepared. The pH 
of each mixture was adjusted to 8.0 and the samples were incu­
bated for 45 min at 40 C. Enzymes were inactivated by auto-
claving and aliguots were assayed for stimulatory activity . 
through 3 serial subcultures of the test organism. 
Growth Studies with C. thermocellum 
The chemical and physical analyses of active fractions- of 
yeast extract indicated the presence of vitamins, amino acids, 
and nucleotides. Growth studies which employed various com­
binations of these nutrilites in place of the yeast extract 
present in D58 medium were conducted. Organic supplements to 
the basal D58 medium without yeast extract, were divided into 
classes such as vitamins, nucleotides, basic amino acids, 
aromatic amino acids and certain other groups which were 
systematically added to the assay medium to determine any 
stimulatory effect they might provide. The organic materials 
added to the basal D58 medium are listed, along with their 
sources, in Table 2. 
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Table 2. Organic compounds used in growth studies with 
C. thermocellum 
Compound Source 
Glutathione 
L-aspartic acid 
L-valine 
Hydroxy-L-proline 
L-cysteine HCl 
L-leucine 
Glycine 
L-threonine 
L-isoleucine 
L-tyrosine 
L-arginine 
DL-lysine 
DL-alanine 
L-cystine 
DL-3-phenylalanine 
L-serine 
DL-glutamic acid 
L-methionine 
L-asparagina 
L-histidine 
L-glutamine 
Pyridoxins HCl 
Biotin 
Thiamine HCl 
Riboflavin 
Calcium pantothenate 
PABA 
Folic acid 
Thymine 
Cytosine 
Adenosine 
Guanine HCl 
Eastman Organic Chemicals, Rochester, 
N.Y. 
Calbiochem, Los Angeles, Calif. 
Calbiochem 
Nutritional Biochemicals Corporation, 
Cleveland, O. 
Mann Research Laboratories, Incor­
porated, New York, N.Y. 
Nutritional Biochemicals Corporation 
Nutritional Biochemicals Corporation 
California Corporation for Biochemical 
Research, Los Angeles, Calif. 
Calbiochem 
Matheson Coleman and Bell, East 
Rutherford, N.J. 
Calbiochem 
Nutritional Biochemicals Corporation 
Nutritional Biochemicals Corporation 
California Foundation for Biochemical 
Research 
Eastman Kodak Company, Rochester, N.Y. 
Calbiochem 
Merck and Company, Incorporated, 
Rahway, N.J. 
Nutritional Biochemicals Corporation 
Difco Laboratories-, Detroit, Mich. 
Nutritional Biochemicals Corporation 
Calbiochem 
California Corporation for Biochemical 
Research, Los Angeles, Calif. 
Nutritional Biochemicals Corporation 
California Corporation for Biochemical 
Research 
Mann Research Laboratories, Incorpo­
rated 
Nutritional Biochemicals Corporation 
California Foundation for Biochemical 
Research 
Nutritional Biochemicals Corporation 
Nutritional Biochemicals Corporation 
Mann Research Laboratories, Incorpo-a 
rated 
Nutritional Biochemicals Corporation 
General Biochemicals, Incorporated, 
Chagrin: Falls'/ OV - ' -
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Whenever a particular class of compoxinds showed any 
stimulatory effect on growth, the individual components of the 
class were examined for their abilities to stimulate growth of 
the test organism. 
Cells used as inocula for initial growth studies were 
grown in complete D58 medium for 72 hr and then were trans­
ferred to defined media on a volume basis that varied from 1 
per cent to 10 per cent of the volume of the medium being 
inoculated. While such a procedure would permit the transfer 
of potentially large amounts of required compounds in yeast 
extract to the defined media, it will be shown that growth 
ceased in unsatisfactory media with just 1 or 2 serial sub­
cultures. After the requirements of the organism were better 
defined, the inocula for growth studies were prepared by first 
washing the cells 2 or 3 times in D58 medium lacking yeast 
extract. The cells were then resuspended in additional D58 
medium lacking yeast extract to give a final optical density 
CO. D.i of 0.8 at 525 nm. This suspension was subsequently 
diluted 1:50 in additional wash medium. Both diluted and un­
diluted suspensions were used for inoculation of an 8 ml volume 
of assay medium. A Bausch and Lomb Spectronic 20 spectrophoto­
meter was used for all 0. D. determinations recorded throughout 
the course of this investigation, except when ultraviolet 
examination of material was .performed. The ability of the 
various defined media to support cellulolytic activity was 
examined through as many as 1Û subcultures. 
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Recording the growth response of this cellulose digesting 
organism in various media presented some unusual difficulties. 
The qualitative appearance of gas bubbles and the accumulation 
of yellow pigment on the cellulose were easily observed, but 
were difficult to effectively quantitate. Therefore, a method 
was developed which was felt to give an accurate estimation of 
the relative growth supporting abilities of the different 
media. This method is described below. • • 
Growth was observed to be almost entirely restricted to 
the cellulose layer at the bottom of the culture tubes, with 
little turbidity being apparent in the liquid above the cel­
lulose. However, mechanical shaking of the culture tubes 
dislodged the cells from the cellulose, and, after the compara­
tively dense cellulose had settled, left the overlying liquid 
markedly more turbid than it initially was. Unfortunately, 
the smaller crystals of cellulose settled much more slowly than 
the bulk of the cellulose, adding some turbidity not directly 
related to the growth of the organism. However, this difficulty 
was not considered serious, as, after 1-2 hr the cellulose had 
entirely settled, while little of the turbidity related to the 
cells had disappeared. To verify this, suspensions of cells 
were prepared in D58 medium which contained no cellulose, and 
the change in 0. D. values of the suspensions were recorded 
after different time intervals. The 0. D. values of the initial 
suspensions ranged from 0.08 to 0.83. Cellulose was then added 
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in tliG amount normally present in D58 medium (104 mg per 8 ml) 
and the tubes were mechanically shaken for 5 sec with a Vortex 
Jr Shaker (Scientific Industries, Incorporated, Queens Village, 
New York). Again, the 0. D. was recorded after different 
periods of time had been allowed for the cellulose to settle 
to the bottom of the culture tube. The results of this study 
are shown in Figure 1. Little change occurred in the 0. D. 
when suspensions of only cells were allowed to set for periods 
of up to 1 hr. The O. D. of a given suspension at a particular 
time (0. D.^) was nearly identical with the initial 0. D. 
Co. D.g) of the suspension. The comparisons shown are for 15 
min and 60 min and are both straight lines which nearly 
coincide. With a mixture of cells and cellulose there was an 
initially higher O. D. that decreased with time. With increased 
periods of settling, the line that related 0. D.^ and 0. D.Q of 
mixtures of cells and cellulose shifted closer to the lines 
found for suspensions of cells alone. Again, the relationship 
was linear except for irregularities that occurred with very 
low initial cell populations. It is suggested that the O. D. 
related to cells can be determined by merely reading the 0. D.^ 
at specific intervals after shaking the culture, and observing 
the corresponding 0. D.Q values. 
Accordingly, the 0. D. of a given culture was determined 
by mechanically shaking the culture for 5 sec, and then 
recording the 0. D.^ periodically over a 60 min time interval. 
The average of the corresponding O. D.Q values for 15 min. 
Figure 1. Comparison of 0. D. ^ and O. D.^'for suspensions 
of different cell densities of C." tKenrtoc^ll.'um 
with and without cellulose in the medium 
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30 min, and 60 min was considered to be an accurate estimate 
of the real 0. D. of the suspension. 
In addition to growth studies in liquid media, attempts 
were made to obtain growth of C. thermocellum on the surface 
of solid media. These attempts employed D58 medium and various 
defined media-. Different concentrations of reducing agents 
such as glutathione, thioglycollate, cysteine SCI, and DTT were 
added to these media to improve anaerobic conditions. 
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RESULTS 
Sephadex Separations 
When 10 g of yeast extract were fractionated with a 5 X 
50 cm G-25 Sephadex column, most of the material was -recovered 
in the fractions between 450 ml and 750 ml of total eluant. 
The results of a typical fractionation with tliis column are 
indicated in Table 3. 
Table 3. Amount of yeast extract recovered in different 
fractions when 10 g of yeast extract was fractionated 
with a 5 X 50 cm G-25 Sephadex column 
Fraction Total ml Amount recovered 
number of eluant (grams) 
1 250-300 0.102 
2 300-350 0.150 
3 350-400 0.367 
4 400-450 0.121 
5 450-500 0.712 
6 500-550 1.928 
7 550-600 2.283 
8 600-650 1.678 
9 650-700 1.040 
10 700-750 0.517 
11 750-800 0.210 
Amounts of material up to 0.200 g (dry weight) were re­
covered in fractions 12 to 20. These fractions had no growth-
stimulating activity for C. thermocellum, however. 
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The material recovered in all fractions was dried at 60 C, 
and 5 rag, 10 mg, and 15 mg amounts of individual fractions 
dissolved in 0.1 ml of distilled water were added to 8 ml of 
assay medium. Fractions 1, 8, 9, and 10 stimulated cellulolytic 
activity of the test organism. Fractions 8 and 9 showed sig­
nificant stimulatory activity with 5 mg of material, while the 
other fractions required 10 mg or 15 mg for support of similar 
activity. 
Fractions 8, 9, and 10 were further fractionated on a G-15 
Sephadex column. The distribution of material in different 
fractions from the G-15 treatments is indicated in Table 4. 
As the amount of starting material fractionated varied 
from 200 mg to 350 mg in different trials, the data were 
standardized by converting the amount recovered in a particular 
fraction to the per cent of the total material (dry weight) 
that was fractionated in the trial. As mentioned previously, 
as many as 37 fractions were collected in the preliminary 
Sephadex G-15itrials. Small amounts of material were recovered 
in these fractions, but, as will be shown, none of these 
fractions possessed any stimulatory activity. 
Most of the material was eluted between fractions 7 and 
15, except for the trailing edge of the 700-750 ml fraction 
from Sephadex G-25 columns (fraction 10) which showed signifi­
cant quantities of material eluted through fraction 21. A 
300 lag sample from each fraction was made up to 3 ml volume in 
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Table 4. Percentage distribution of material in different G-15 
fractions when G-25 fractions 8, 9, and 10 were 
separated on a 2.5 X 32 cm G-15 column with, dis­
tilled water as the eluant 
G-15 fraction G-25 fraction separated 
8 9 10 
1 0.58 0.58 
2 1.55 0.75 1.35 
3 1.85 1.07 0.78 
4 1.97 0.91 0.65 
5 2.38 0.85 1.17 
6 2.50 0.69 1.23 
7 3.20 1.39 1.69 
8 5.60 2.56 2.52 
9 7.02 8.40 + 
10 11.60 8.08 7.10 
11 17.70 13.54 10.20 
12 19.20 18.40 11.50 
13 10.50 12.90 8.95 
14 4.59 8.08 8.95 
15 1.55 4.97 6.80 
16 0.87 2.08 5.45 
17 0.99 1.55 6.20 
18 0.69 1.71 6.70 
19 0.87 2.08 3.82 
20 0.64 0.53 1.88 
21 + 0.85 1.17 
22 + 0.78 1.43 
23 + • + + 
24 + + 0.78 
= less than 0.5 per cent of the total material 
fractionated. 
distilled water and was used for an ultraviolet scan. Th.e 
absorbance (A) values at 260 nm and 280 nm of selected fractions 
are shown in Table 5. 
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Table 5. A^on aiid ^ for G-15 fractions 10 to 22 280 nm 260 nm 
when G-25 fractions 8, 9, and 10 were further 
separated 
Fraction 8 9 10 
from G-15 
^280nm ^260nm ^280nm ^ 260nm ^280nm ^260nm 
10 .050 .079 .063 .116 .200 .398 
11 .055 .093 .079 .150 .226 .458 
12 .052 .093 .063 .121 .418 .951 
13 .072 .134 .077 .149 .358 .963 
14 .194 .374 .107 .221 .345 1.208 
15 .262 .453 .221 .456 .569 1.603 
16 .115 .169 .237 .450 .592 1.188 
17 .067 .137 .083 .207 .307 .648 
18 .138 .360 .093 .263 • .141 .388 
19 .136 .355 .092 .264 .150 .415 
20 .200 .450 .345 .796 .270 .648 
21 .017 .031 .184 .293 .509 .577 
22 .180 .234 .052 .228 .456 .577 
Only the absorbance values obtained for 280 nm and 260 nm are 
included as these represent the region in which the fractions 
absorbed at a maximum. A comparison of Table 4 and Table 5 
indicated that the fractions which contained the greatest 
percentages of the material fractionated had lower absorbance 
values in most instances. This was particularly true with 
fractions 8 and 9 from the Sephadex G-25 column. 
Irregularities in the growth response appeared when 
material from the G-15 fractions was assayed for activity/ as 
none of the fractions showed consistent activity. Activity 
was scattered randomly throughout fractions 12 through 18. In 
some trials, stimulatory material was present in fraction 12, 
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while in later trials it might be present in fractions 13 and 
16. The amount of material required for noticeable stimulation 
of cellulolytic activity varied from 0.25 mg to 6.0 mg per 8 
ml of assay medium. When the different fractions from a 
Sephadex G-15 separation were mixed together, assays-showed 
restoration of the level of biological activity that was 
present before the material was fractionated. 
The G-15 fractions that showed growth-stimulatory activity 
were studied further, one of special interest being fraction 
16. This fraction was brilliant yellow and could be observed 
progressing down the column as a narrow band, as fractions on 
either side of it had little apparent color. 
Fraction 16 from 8 Sephadex G-15 columns was combined to 
yield about 20 mg of dry weight of yellow material. This 
material was further purified on a Sephadex G-10 column by 
collecting 0.5 ml fractions when the yellow band was being 
eluted. Each fraction from the Sephadex G-10 column was 
scanned in the ultraviolet range, and it was noted that the 4 
fractions that comprised the 113-115 ml cut of total eluant 
showed the sharpest absorption peaks at 260 nm. These ultra-
violet-absorbent fractions, which containedca total of 12 mg 
C^y weight) of material, were combined for further study. 
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Analyses of the 113-115 ml Eluate 
Fraction from a G-10 Column 
Gas chromatography 
When this material was subjected to gas chromatography, 
no major peaks that corresponded to known purines or pyrimidines 
were observed, but both hydrolyzed and unhydrolyzed preparations 
suggested the presence of small amounts of cytosine. Hydrolyzed 
preparations also indicated the possible presence of trace 
amounts of thymine or uracil, or both. 
Biuret analysis of protein content 
Biuret analysis of this fraction gave essentially a nega­
tive response, even when a fourth of the total material was 
used in the assay. Either this fraction contained no peptides 
or proteins, or they were biuret-negative. 
Lowry determination of protein content 
Dowry reactions with unhydrolyzed preparations indicated 
between 750 y g and 1000 yg of positive material per 12 mg of 
dry weight material. Analysis of the hydrolyzed preparation 
also indicated about 1000 ):g of positive material present in 
the 12 mg sample. As this test is specific for tyrosine and 
tryptophane, it was concluded that a large amount of tyrosine 
was present, as tryptophane would have been destroyed by acid 
hydrolysis. 
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Thin layer chromatography 
Two-dimensional thin layer chromatographic techniques 
indicated 3 ninhydrin-positive areas with Rf values in the 2 
solvents as indicated in Table 6. 
Table 6. Rf values of ninhydrin-positive material in solvents 
1 (95 per cent ethanol;water) and 2 (propanol:30 per 
cent NH^OH) used in two-dimensional thin layer 
chromatography 
Spot number Rf solvent 1 Rf solvent 2 
1 0.69 0.08 
2 0.69 0.51 
3 0.73 0.81 
According to Randerath (1963, p. 95), the Rf values of 
spot 1 indicated the presence of arginine or aspartic acid, or 
both. Spots 2 and 3 could be any one or more of tryptophane, 
tyrosine, phenylalanine, glutamic acid, norleucine, leucine, 
cysteic acid, or a-amino-caprylic acid. As the Rf values of 
these were quite similar, it was impossible to make positive 
identifications. 
46 
Amino acid analysis 
Amino acid analysis on the Technicon Autoanalyzer of a 
1:10,000 dilution of hydrolyzed material indicated no amino 
acids were present in concentrations greater than 0.02 yM per 
ml. The 1:100 dilution was found to contain small amounts of 
phenylalanine, tyrosine, lysine, aspartic acid, and possibly 
also serine, glutamic acid, and asparagine. All recorded 
peaks were too small to make accurate quantitation possible. 
Paper chromatography 
Paper chromatograms of the 113-115 ml eluate fraction 
from Sephadex G-15 columns showed the presence of several 
fluorescent or absorbent areas under ultraviolet light. Figure 
2 is an accurate representation of the Rf values of areas of 
interest. 
Area A CRf 0.87) , which contained both absorbent and 
fluorescent materials, was ninhydrin-positive. This was the 
only ninhydrin-positive area, and it had an Rf value similar to 
those of tyrosine, phenylalanine, tryptophane, arginine, and 
leucine, in the same solvent system. Other amino acids were 
not chromatographed for reference comparison. 
When 0.05 ml samples of eluate fractions 11, 12, 13, 14, 
15, and 16 [the bright yellow material) from G-15 columns were 
assayed bioautographically for riboflavin, a strongly positive 
response was noted at area D in the case of fraction 16. This 
area, which had an Rf value of 0.49, was brightly fluorescent. 
Figure 2. Location of fluorescent and absorbent areas when 
the 113-115 ml eluate fraction from a Sephadex 
G-10 column was chromatographed in 0.1 M 
(pH 7.2} phosphate buffer (See discussion in 
text) 
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and was thought to be flavin mononucleotide rather than ribo­
flavin. The riboflavin control, area F, had an Rf of 0.33. 
There was a weak growth response with fraction 13 at an Rf of 
0.36/ with fraction 14 at an Rf of 0.42, and with fraction 15 
at an Rf of 0.41. These 3 fractions also displayed fluorescent 
areas at Rf values between 0.8 and 0.9. 
When the 113-115 ml eluate fraction was assayed for folic 
acid content, a weak response was present at the area marked 
E (Rf 0.33). While the Rf value, and the growth response, were 
suggestive of the folic acid control (Area G, Rf 0.34), it was 
very weak, which indicated the presence of only trace amounts 
of folic acid derivatives. A strongly positive growth response 
was also noted at the position marked B (Rf 0.77), which, was 
apparently given by a mixture of materials, as it was both 
fluorescent and absorbent when scanned with an ultraviolet 
lamp. The growth response at B corresponded to that of a 
thymine control at area H (Rf 0.77). When adenine and guanine 
were removed from the assay medium, only a weak growth response 
was noted at area B. This indicated that trace amounts of 
pteroic acid derivatives might be present, but that the major 
response was due to the presence of thymine derivatives. 
Material at area C (Rf 0.64) was not identified. It was 
an extremely absorbent area under ultraviolet light and was 
large enough in area to indicate the presence of a large amount 
of one substance, or of a mixture of different compounds- with 
slightly different Rf values. The Rf of area C corresponded 
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to that for an adenine control which was chromatographed for 
comparison. 
In short, what was previously thought to be a well iso­
lated substance (perhaps the "Murray factor"), was shown to 
actually be a complex mixture that included vitamins, pyrimi-
dines, amino acids, and other unidentified compounds. Fractions 
11 through 18, which showed occasional activity, also revealed 
ninhydr in-po s itive areas and fluorescent spots. 
Diaflo Ultrafiltration 
Growth assays of yeast extract fractions were conducted 
with 2.5 mg, 5.0 mg, 10.0 mg, and 25.0 mg of material from each 
of the 3 Diaflo fractions described previously. Each fraction 
gave positive responses with 5 mg of material per 8 ml of 
assay medium. Aliquots of all 3 fractions were scanned in the 
ultraviolet range with the results indicated in Table 7. These 
spectral absorption values were obtained with 165 ^g of material 
per 3 ml of distilled water. These fractions were different in 
their absorption characteristics, as well as in molecular 
weight, yet all gave similar stimulation of growth when the 
same amount of material was added to 8 ml of the assay medium. 
Enzyme Analyses 
When samples of active material were treated with different 
proteolytic enzymes, only one instance of loss of growth 
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Table 7. Absorbance (Ai values of the 3 Diaflo fractions 
wh.én examined with, ultraviolet light at 320 nm, 
280 nm, and 260 nm 
Molecular weight of fraction ^ *280 nm Hia nm 
Greater than 1000 .136 .648 1.208 
500 - 1000 .089 .298 .722 
Less than 500 .020 .091 .191 
promoting activity was found. A complete loss of stimulatory 
activity was found in preliminary trials with chymotrypsin 
treatment. However, this result could not be repeated, even 
with, new supplies of the enzyme; so the result of the pre­
liminary study was interpreted as being due to some other 
undefined influence. In subsequent trials, growth promoting 
activity was retained through 3 sequential subcultures fol­
lowing treatment of active material with chymotrypsin, trypsin, 
pepsin, and pronase. It was concluded that either no peptide 
or protein was involved in the nutrilites causing stimulation 
of cellulolytic activity, or that the active material was in­
sensitive to the variety of enzymes employed. 
Growth Studies 
Growth studies with different combinations of vitamins, 
amino acids, and nucleotides resulted in the formulation of a 
medium, the "A" medium, which would support cellulolytic 
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activity through, at least 10 subcultures of the test organism. 
The composition of the supplement used to replace yeast extract 
in D58 medium is indicated in Table 8. 
Table 8. Composition of the yeast replacement for the "A" 
medium 
Component Amount (milligrams per liter) 
Thiamine HCL 0 .2 
Riboflavin 0.2 
Calcium pantothenate 0.2 
Pyridoxine 0.2 
Biotin 0.002 
Folic acid 0.008 
PABA 0.004 
Adenosine 1.0 
Guanine HCl 1.0 
Cytosine 1.0 
Thymine 1.0 
DL-alanine 56.0 
L-valine 70.0 
L-leucine 70.0 
L-isoleucine 70.0 
L-threonine 70.0 
Glycine 50.0 
L-serine 50.0 
DL-g-phenylalanine 80.0 
DL-tryptophane 20.0 
L-cys teine 70.0 
L-cystine 6"Q., Q 
L-methionine 70,0 
L-proline 70.0 
Hydroxy-L-proline 70,. 0 
L-aspartic acid 70,Q 
L-asparagine 70.. 0. 
L-glutamic acid 7Q.0. 
L-glutamine 70.0 
L-histidine 50.& 
L-arginine 50.Q 
DL-lysine 56.0 
53 
The compounds included in this supplement were divided 
into chemical classes, and the different classes of nutrients 
were selectively eliminated from the supplement content to 
give a series of media which were tested for growth supporting 
activity. The resulting growth responses when various 
nutrient classes were eliminated are listed in Table 9. 
Table 9. Growth, responses observed when different nutrient 
classes were removed from the "A" medium supplement 
Component removed 
°-0 hr D'72 hr 
None (Complete "A" medium) 0.08 0.65 
Glutathione 0.05 0.76 
All amino acids 0.10 0.28 
All vitamins 0.06 0.15 
All nucleotides 0.05 0.37 
Neutral amino acids 0.11 0.67 
Aromatic amino acids 0.11 0.65 
S - containing amino acids 0.08 0.37 
Secondary amino acids 0.08 0.69 
Dicarboxylic amino acids 0.08 0.65 
Basic amino acids 0.07 0.58 
Cellulose 0.07 0.05 
All components (negative control) 0.09 0.11 
The 0. D. values of the cultures were read at 525 nm fol­
lowing incubation for 72 hr at 55-60 C. These growth results 
were obtained with a large inoculum volume (5 per cent) of 
unwashed cells which, permitted the transfer of material from 
previous cultures in medium which contained yeast extract. 
54 
However, marked nutritional requirements were apparent, even 
under these non-rigorous, conditions. 
The growth, studies with the different deletions from the 
"A" medium led to the formulation of a second medium, the "B" 
medium, which also supported cellulolytic activity by the test 
organism. The composition of the supplement used in the "B" 
medium is listed in Table 10. Of particular interest is that 
the "B" medium supplement contains no nucleotides. While data 
presented in Table 9 indicated a possible need for nucleotides 
with the "A" medium, this requirement couldn't be confirmed 
with the "B" medium as the test organism grew well in the 
absence of nucleotides. 
Table 10. Composition of the yeast extract substitute for the 
It B" medium 
Component Amount Cmilligrams per liter) 
Thiamine HCl 
Riboflavin 
Calcium pantothenate 
Pyridoxine 
Biotin 
Folic acid 
PABA 
DL-S-phenylalanine 
L-tyrosine 
DL-tr y p tophane 
L-cystine 
L—cysteine 
L-methionine 
8 0 . 0  
50.0 
70.0 
60 .0  
70.0 
70.0 
0 . 0 0 2  
0 . 0 0 8  
0.004 
0 . 2  
0 . 2  
0 . 2  
0 . 2  
55 
In preparing inocula for use with "B" medium, cells grown 
in D58 medium were washed and resuspended in D58 medium lacking 
yeast extract to give a final 0. D. of about 0.8 at 525 nm. 
Aliquots of 0.1, 0.2, 0.3, 0.5, and 0.8 ml of this inoculum 
were used to inoculate tubes of "B" medium. After 72 to 96 hr 
of incubation at 55-60 C, subcultures were made to fresh tubes 
of "B" medium, using the same sized aliquots as used to inocu­
late the first tubes in each of the subculturing series. Good 
growth continued through at least 8 subcultures in the "B" 
medium. 
The growth responses with the first 3 subcultures in the 
"B" medium, 0.3 ml were used as inocula are indicated in Table 
11. The use of a 0.1 ml inoculum results in a 500,000 fold 
dilution of growth factors transferred with the initial 
inoculum. As shown, the 0. D. after the 3 transfers was almost 
the same as that after the first transfer. 
Table 11. Growth responses of C. thermocellum when 0.1, 0.2, 
and 0.3 ml aliquots were serially subcultured in the 
"B" medium 
. Size of ijioculum . Transfer 1 
Pinal 0. D 
Transfer 2 Transfer 3' 
0.1 ml 0.94 0 . 8 0  0 . 8 6  
0.2 ml 0.94 0.84 1.05 
0.3 ml 0.96 0.83 0.92 
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A comparison of the growth responses obtained in D58 
mediiim, the "A" medium, the "B" medium and D58 medium lacking 
yeast extract (negative control) is shown in Figure 3. These 
results are taken from just one growth study and thus may give 
th.e false impression that the "A" medium is actually a poorer 
medium for support of cellulolytic activity of the test 
organism. In more recent trials, the "A" medium showed growth 
as soon as, and to the same extent as, the "B" medium. The 
two media appeared to be almost nutritionally equivalent for 
support of cellulolytic activity. This was a somewhat sur­
prising result as the "A" medium was far more complete nutri­
tionally and was expected to give a somewhat stronger growth 
response. This point will be considered further. 
Studies in which various components were individually 
eliminated from the "B" medium were conducted to determine the 
nutritional requirements for specific compounds. 
The results of such a study are shown in Table 12. 
Similar results were obtained regardless of whether washed or 
unwashed cells were used as the inoculum for the growth, study. 
The similar results obtained with washed and unwashed 
inocula indicated that insignificant amounts of essential 
growth, factors were transferred with unwashed inocula. The 
growth requirements for pyridoxine, PABA, and methionine were 
each confirmed at least 3 times. The lower 0. D. values ob­
tained in the absence of riboflavin or cysteine were indicative 
Figure 3. Comparison of the growth of C^. thermocellum 
in D58 medim, the "A" medium ; the "B" medium, 
and D58 medium lacking yeast extract (negative 
control) 
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Table 12. Growth, responses of C. thermocellum when different 
compounds were removed from the "B" medium 
Component removed 
°*0 hr D'72 hr 
None (complete "B" medium) 0.17 0.75 
Biotin 0.16 0.73 
Thiamine 0.10 0.66 
Pantothenate 0.12 0.78 
Riboflavin 0.11 0.43 
Pyridoxine 0.10 0.11 
Folic acid 0.13 0,75 
PABA 0.11 0.22 • 
Cysteine 0.12 0.58 
Cystine 0.13 0.80 
Methionine 0.13 0.24 
Tyrosine 0.13 0.75 
Tryptophane 0.13 0,75 
Phenylalanine 0.15 0.81 
All vitamins 0.09 0,15 
All components (negative control) 0.09 0.16 
of a positive requirement, but this couldn't be confirmed, 
even after 3 subcultures. 
Another medium, the "C" medium, was formulated that con­
tained only pyridoxine, PABA, tyrosine, methionine, and 
cysteine in the amounts already indicated for these compounds 
in the "A" and "B" media. The "C" medium was shown to support 
growth to a final 0. D. of about 0,80 in 72 hr through 2 sub­
cultures, but its acceptability as a minimal medium for the 
test organism was not fully investigated. 
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Attempts to produce growth, of the teat organism on the 
surface of solid media met with consistent failure. In no 
instance was growth observed on the surface of the "A" medium, 
"B" medium, or D58 medium, even with inclusion of 10 times the 
concentration of DTT and cysteine HCl as- that used for support 
of surface growth of Clostridium novyi. (Moore, 19681 . 
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DISCUSSION 
The initial objective of this investigation was character­
ization of components of yeast extract which stimulated cellu-
lolytic activity by C. thermocellum. Of particular interest 
was a substance referred to as the "Murray factor" by Quinn 
(1947a). Previous work (Beers and Quinn, 1966a, 1966b) 
indicated that this might be a complex molecule that included 
a peptide attached to a purine or pyrimidine ring system. 
The preliminary studies with Sephadex gel separations 
indicated that more than one component was required for support 
of cellulolytic activity. With Sephadex G-25 columns, growth-
promoting activity was found in 4 successive eluate fractions. 
The middle two of these possessed greater activity .per mg of 
weight than did the leading and trailing fractions, which 
indicated that the activity probably had diffused into adjacent 
bands as a result of too large a sample CIO g) of yeast extract 
being separated. However, the validity of this conclusion was 
questioned when subsequent chromatographic separations with 
Sephadex G-15 gels showed randomly scattered activity through­
out fractions 12 to 18. In some separations with Sephadex G-15 
columns, active material was recovered from fractions as widely 
separated as fractions 13 and 16. Such an observation was in­
consistent with the hypothesis that the growth factor consisted 
of a single complex stimulatory substance. In addition, when 
the Sephadex G-15 fractions that caused less than optimal 
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growth stimulation were combined, the level of activity present 
before fractionation was recovered. 
A number of alternative explanations for the above obser­
vations were available. The most obvious explanation was that 
more than one specific material was involved in stimulation of 
growth and cellulolytic activity by C. thermocellum. This 
explanation would be consistent with the scattered activity 
and the recovery of original levels of activity by combining 
the different eluate fractions from G-15 separations. 
Another possibility was that the "Murray factor" was a 
weakly bound addition complex which could be easily separated 
into its components. For example, cyclic compounds move 
through Sephadex gels at a rate slower than what would be pre­
dicted on a basis of their molecular weights, as a result of 
an affinity of cyclic compounds for the gel. If the "Murray 
factor" were a cyclic compound with a peptide attached through 
a weak linkage, it would be possible that the affinity of the 
cyclic part of the structure for the gel would be sufficiently 
strong to permit the peptide to be separated from the carrier 
ring system. If this was actually what happened, the growth-
promoting activity recovered in different eluate fractions 
indicated that each fragment of the complex molecule possessed 
independent stimulatory activity. If this hypothesis is true, 
it would be impossible to establish that the "Murray factor" 
actually is a single complex molecular entity. The possibility 
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would always exist that certain individual compounds were 
acting together to give growth-promoting activity. By the 
same token, it would also be difficult to establish that the 
"Murray factor" was not a single complex structure. 
The restoration of full growth-promoting activity levels 
by merely mixing the eluate fractions could indicate the 
ability of the different fragments of the complex to auto-
aggregate. The apparent molecular weight of the material in 
the active eluate fractions was less than 900, as this was the 
exclusion limit of the G-10 gels upon which active material was 
eventually fractionated. Such a molecular weight is based on 
a linear structure which has no affinity for the gel. If 
cyclic compounds were present, they could be heavier than 900 
molecular weight and still be eluted after the void volume 
because of their affinity for the gel. Even so, it is doubtful 
that any components in the active fractions were of sufficient 
complexity to possess enzymatic activity. Hence, any molecular 
aggregation present was probably the result of charge effects. 
Such, aggregations are well documented, particularly with flavin 
derivatives and aromatic amino acids (Wilson, 1966f Fory et al., 
1968). If such complexes were formed in these preparations, it 
would be difficult to separate the effects of individual 
stimulatory fragments from the stimulatory effects of the addi­
tion complex. As has been shown, the organism has requirements 
for at least one amino acid, methionine, and for several cyclic 
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compounds. It is thus possible that a single structure might 
be present in yeast extract that was a combination of the 
methionine and one or more of the vitamins. 
Diaflo ultrafiltration studies confirmed the results of 
the Sephadex gel separations with regard to the physical 
characteristics of active fractions. While Diaflo ultrafiltra­
tion does not insure complete molecular separations, the pre­
ponderance of material of a given molecular weight should fall 
within the appropriate weight class. Still, assays of all of 
the Diaflo fractions indicated that equivalent levels of growth-
promoting activity were present in each. This response came 
in spite of extremely different molecular weights of the 3 
Diaflo filtrates. From this it was again difficult to avoid 
the conclusion that more than one biologically active material 
was involved in essential growth requirements of C. thermocel-
lum. 
Another of the proposed characteristics of the "Murray 
factor" was that it possessed a peptide chain, yet none of the 
proteolytic enzymes employed in attempts to degrade it showed 
a consistent ability to affect the activity of stimulatory 
fractions. This indicated either that none of the enzymes- were 
effective under the conditions employed, that the correct enzyme 
wasn't utilized, or that the stimulatory material wasn't 
actually required in the peptide form. For example, earlier 
reports of peptide growth factors indicated that the true 
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requirement was actually for one or more of the amino acids in 
the peptide. Perhaps in this treatment of the "Murray factor" 
the proteolytic enzymes broke down component peptides and 
proteins, with release of the amino acid that was the basis of 
the peptide requirement. One last hypothesis that may be pre­
sented was that the material was a cyclic peptide and was thus 
more resistant than are linear peptides- to the effects of 
pronase ^d other proteolytic enzymes. 
Biuret analyses eliminated the presence of a peptide 
greater than 2 amino acids in length in active preparations, 
unless of course, the peptide was biuret-negative. This is a 
possibility, as Richards and Cabelli C19691 isolated a biuret-
negative peptide with a molecular weight of 600, that was 
stimulatory for C. botulinum. Again, the analysis performed on 
active fractions couldn't critically evaluate the possibility 
of a peptide being part of an addition complex. 
Perhaps the most instructive aspect of all of these pre­
liminary studies was the result of the analyses of the 113-115 . 
ml eluate fraction from a G-10 Sephadex column. This fraction 
was composed of a compact yellow band that gave the appearance 
of a well isolated substance. Even here, hoWever, various 
analyses indicated the presence of several amino acids, 
pyrimidines, one to three vitamins, and prominant amounts of 
\inidentified compounds. 
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Other biologically active eluate fractions also revealed 
ninhydrin-positive areas, vitamins, and unidentified fluores­
cent compounds. While analysis of such fractions was not as 
complete as that for the 113-115 ml eluate fraction, it was 
apparent that they, too, were mixtures of compounds-. 
On the basis of these preliminary investigations-, it 
appeared likely that -the stimulatory substances- were probably 
compounds which had been defined previous-ly. If they were 
indeed sometimes present in a complexed form, it still appeared 
that they were capable of stimulatory activity independently. 
Regardless of the "normal" form of -khe substance in yeast 
ex-tract, it was decided to conduct growth experiments -that 
employed different combinations of amino acids, vitamins, and 
nucleotides. The greatest concern v^en growth studies were 
initiated was that it would be impossible to detect a small 
biuret-negative peptide -that was responsible for growth, stimu­
lation. The only consolation available was- th.at previous-
studies wi-th peptide growth factors, "strepogenins^^, revealed 
that the basis of -the requirement was a single amino acid in 
the peptide. Theoretically, the incorporation of the proper 
combination of amino acids in culture media could compens-ate 
for any undefined peptide that was- -fche b.asris- for the original 
s-timula-tion of growth -that was observed to be associated wi-th. 
yeast extract. 
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Several points about the general conduct of the growth 
studies with C. thermocellum should be considered. The first 
was the question of the desirability of using washed or un­
washed cells as inocula. Ideally, all growth studies would be 
conducted with cells which had been washed free of medium com­
ponents and completely depleted of endogenous stores of 
materials which are required for initiation of growth. The 
strict dependency of this organism on preformed supplies of 
yeast extract components was indicated by the observation that 
the direct serial transfer of unwashed 1.0 ml inocula to 8 ml 
of various unsatisfactory defined media resulted in cessation 
of growth in the second subculture, A 1.0 ml inoculum of C, 
thermocellum added to D58 medium lacking yeast extract resulted 
in cessation of growth in the first subculture. In later 
studies with individual defined medium components, the require­
ments for pyridoxine, PABA, and methionine were apparent in the 
first subculture, even with a direct transfer of a 0.4 ml un­
washed inoculum from a culture grown in the presence of yeast 
extract. Later, cells which had been washed 2 or 3 times were 
used as inocula without the observation of greatly different 
results than those obtained with unwashed cells- as inocula. 
Another general point to be considered was- that of the 
effect of the size of the inoculum on growth responses-. Theo­
retically, if an inoculum was large enough, cross—feeding would 
occur at the expense of part of the population. This- would 
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permit the culture to maintain itself for some time in the 
absence of added essential growth factors. While the inocula 
were large in some of these studies, it was felt that the 
extent of growth CO. D. values that reached 1.0) indicated that 
much more than population maintenance had occurred. It also 
would be logical to assume that feeding at the expense of part 
of the population would produce a gradual decrease, rather 
than an increase, in the size of the population. 
Ideally, then, one should conduct growth studies with as 
small an initial population as possible. C. thermocellum did 
not appear to be highly efficient in this regard. With agar 
pour plates of D58 medium that contained yeast extract, only 
500-1000 colonies appeared in 72 hr, even when a 0.25 ml 
inoculum from a culture with an 0. D. greater than 1.0 was used 
in each pour plate. Washing this organism, even in the presence 
of reducing agents, seemed to greatly hamper its viability. It 
was believed this was an indication of o^^exi poisoning of the 
cells. 
The last question that should be raised was whether • the 
organism was adapted to the defined media, rather than the 
media being adapted to the needs of the organism. It was felt 
that the appearance of good growth in 72 hr in the different 
media used was good evidence against adaptation, especially 
since the organism required about the same incubation period 
for growth to. occur in D58 medium that contained yeast extract. 
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Also, it was believed that the studies in which small, washed 
• inocula were transferred directly to "B" medium with production 
of good serial growth in 72 hr subcultures suggested that the 
organism multiplied in this medium without adaptation. 
Studies with media formulated for growth of this organism 
presented some interesting observations-, such, as- tlïe apparent 
equivalent ability of the "A" and "B" media for support of 
cellulolytic activity by the test organism. This was a some­
what surprising observation as the "A" medium was far more 
nutritionally complete, and thus it would Be anticipated that 
it would support somewhat higher levels- of growth -than did the 
"B" medium. The conclusion might be drawn that some of the 
components of the "A" medium actually restricted the growth of 
this organism to some extent. Perhaps one of the amino acids-
present in the "A" medium interfered wi-th the transport of 
methionine, which was required by the organism. While the 
intermediate physiology of the clos-tridia is- poorly understood, 
it is possible that some recent findings with the genus Bacillus 
may be of pertinence. Nester (19681 demonstrated, for example, 
that the amino acid histidine interfered wi-th the biosyn-thetic 
pathway for tyrosine. This was an unusual finding, as the two 
pathways are not related. Chapman and Nester (1968% continued 
•this investiga-tion and reviewed such, findings- with other un­
related pathways. It was suggested (Jensen, 19691 that such 
sophis ticated forms of regulation may exist be-tween many 
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different unrelated pathways. It was thus possible that any 
number of components of the "A" medium were causing inter­
ference and repression in various pathways of the test 
organism. 
Another source of restriction can be proposed Based on the 
report of Quinn ^  al. C1963Î that the adenyl form of kinetin 
was stimulatory for C. thermocellum at low concentrations, but 
was inhibitory at higher concentrations. Perhaps one of the 
nucleotides that was present in the "A" medium was capable of 
causing partial interference with growth. 
Another point of interest was why there was an apparent 
need for nucleotides in the "A" medium, but no such apparent 
need in the "B" medium. The only explanation that could be 
made here was that some component of the "A" medium was inter­
fering with growth in some manner which could be circumvented 
by the presence of nucleotides in the medium. In this case, 
if the restrictive component of tlie "A" medium was removed, 
there would no longer be any need for these nucleotides. 
The requirements which were observed for C. thermocellum 
in this study were generally consistent with those found 
previously for other Clostridia, but varied from those given 
in the one previous report that dealt with C. thermocellum. 
McBee C19501 reported that this organism would grow in a 
medium that contained only thiamine, riboflavin, pyridoxine, 
calcium pantothenate, and biotin as organic components. The 
earliest studies in the current investigations included numerous 
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attempts to repeat the work, of McBee. Even the use of large 
unwashed inocula failed to produce growth in a medium that 
contained only those vitamins recommended by McBee, While not 
mentioned previously, the strain of C. thermocellum which was 
obtained from McBee would grow in the "B" medium which was 
formulated for the C. thermocellum strain which was isolated 
by Vidrine C1969) . 
The results of the nutritional studies- with Vidrine's- • 
C. thermocellum isolate indicated a requirement for methionine, 
and perhaps also for cysteine. There was growth of this 
organism in medium without cysteine, but not to the same 
extent as that obtained with cysteine present in the medium. 
However, the apparent stimulatory effect of cysteine might be 
partly related to the problem of maintenance of sufficiently 
anaerobic conditions for growth. In the earlier studies, the 
use of glutathione and a nitrogen-carbon dioxide gas mixture 
may not have been adequate to provide the strict anaerobiosis 
required by C, thermocellum. The requirement for methionine 
may only be a reflection of a lesion somewhere in the methionine 
biosynthetic pathway. Possible replacements for methionine 
were not considered, as studies were not conducted to determine 
the specificity of this requirement. This was also true of the 
requirements shown for pyridoxine and PABA. Pyridoxine might 
be replaced by pyridoxal, pyridoxal phosphate, pyridoxamine, or 
some intermediate in the pathway for pyridoxine synthesis. 
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PABA also h.as a completely delineated pathway in other micro­
organisms, but such, a pathway was not investigated syste­
matically in the test organism. 
Perhaps the greatest deviation noted in nutritional re­
quirements for C. thermocellum from what is known for the other 
Clostridia, was- -the failure to demonstrate a Biotin requirement. 
As noted by Perkins C1965}, Clostridia have an almost universal 
requirement for biotin. The major difficulty with regard to 
the demonstration of a biotin requirement was th.e low dosage 
level which was normally employed. With only 2 ng per liter 
normally required, it was quite possible that -this amount was 
present as a contaminant of one of the other chemicals regularly 
used in making assay media. Even if it was present at a rate 
of only 0.1 per cent by weight as a contaminant, sufficient 
amounts could be present in oth.er chemicals to h.ave met the 
requirement. At this dosage level, it would be difficult to 
detect a biotin contaminant without employing a sensitive bio­
logical assay organism. 
The general conclusion drawn was that this organism had 
definite organic nutritional requirements- related to the path­
ways for methionine, pyridoxine, and PABA biosynthesis. 
Possible dependence on cysteine and riboflavin was also indi­
cated, but could not be confirmed. The greatest deviation from 
that which, is known of the requirements of other Clostridia 
was the failure to demonstrate any biotin requirement. 
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The structure of the "Murray factor" remained- an unsolved 
problem. If the "Murray factor" was indeed a single complex 
structure, it must be assumed that it contained methionine and 
one or more of the required cyclic compounds. The question of 
the structure of this factor is probably more academic than 
essential, as the organism can apparently grow without any 
complex structure of the nature of that postulated for the 
"Murray factor". It can only be concluded that if the factor 
is a complex structure, it is held together by weak, bonds and 
the fragments of the complex are capable of stimulating growth 
independently as well as in conjunction with the other members 
of the complex. If this is so, it will probably always remain 
difficult to separate the effects of the fragments of the com­
plex which are together in a mixture, from the effects of the 
intact structure. 
The general significance of this investigation was primar­
ily related to filling the void in knowledge that pertained to 
metabolic pathways and genetics of the Clostridia. Previous 
work, was primarily done with commercially or medically signifi­
cant Clostridia being grown in complex media. While such media 
were compatible with the objectives of the investigators in­
volved, such media did not provide a defined system within 
which detailed genetic and metabolic studies could be conducted. 
However, the fundamental importance of this study should 
be considered in relation to C. thermiocellum. While not 
currently of great interest commercially or medically, this 
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organism h.as unique potentials and capacities as a cellulose 
digestor. Cellulose represents a generally resistant form of 
organic residue. As this residue is present in large quantities 
in nature, its degradation represents a matter of considerable 
ecological importance. One might argue that this organism can 
play only a small role because of its anaerobic metabolism. 
The work of Quinn, Vidrine, Gates, Beers, and many other earlier 
workers, has demonstrated, repeatedly, the ability of this 
anerobe to grow symbiotically under apparently aerobic condi­
tions within a closed system. Such closed systems certainly 
exist as natural micro-ecological niches, ajid it must be assumed 
that C. thermocellum can, and does, play a significant role in 
the biological degradation of cellulosic residues. 
Current work being conducted with the enzyme systems of 
C. thermocellum is restricted to media which contain undefined 
components. With a defined system within which to work, it is 
believed that more definitive and more instructive investiga­
tions will be possible. 
As stated previously, there is no question but that the 
field of clostridial genetics and physiology is in need of 
clarification. It is felt that any clostridial species that 
can be grown in a defined medium will provide a much, needed 
means by which to attack the void now existing in this field. 
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SUMMARY 
Yeast extract was fractionated to isolate components 
which, stimulated cellulolytic activity by Clostridium thermo-
cellum. Of particular interest was characterization of a 
material referred to by Quinn (1947al as the "Murray factor". 
Previous work had indicated that this- was- a complex structure, 
composed of a peptide and a purine or pyrimidine ring system. 
Sephadex gels and Diaflo ultrafiltration experiments 
indicated that more -than one compound present in yeast extract 
was required for growth of this organism. 
Amino acid analyses, paper chromatography, thin layer 
chromatography, and bioautographic assays with LactobaciTlus 
casei strain e and Streptococcus faecalis strain R indicated 
•that active fractions from Sephadex columns were complex 
mixtures of amino acids, vitamins, pyrimidines, and other un­
identified materials. 
Growth studies with combinations of amino acids, vitamins, 
purines, and pyrimidines resulted in the formulation of two 
defined media, the "A" and "B" media, which supported cellulo­
lytic activity by the test organism; 
Absolute requirements of C. thermoceHum for L-me-thionine, 
pyridoxins, and PABA were demonstrated, as well as possible 
requirements for riboflavin and cysteine. The latter require­
ments could not be confirmed, however. 
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It was concluded that the "Murray factor" was probably a 
mixture of some of the required organic nutrilites, but that 
it was also considered possible that it could be a peptide 
fragment attached to a vitamin such as riboflavin. 
It was felt that the observed requirements of the test 
organism were consistent with those observed for other 
Clostridia, except for the failure to demonstrate a biotin 
requirement. The results of the current investigation were 
thought to differ from previous growth studies with C. 
thermocellum (McBee, 1950). 
These findings are believed to be significant not only in 
regard to aid in filling the general void which exists relating 
to clostridial genetics and physiology, but also in relation to 
the biological degradation of cellulosic residues in natural 
micro-ecological niches where this organism can function 
symbiotically with non-anaerobic microorganisms. 
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